A practically simple derivatization protocol for determining the enantiopurity of chiral diols by 1 H NMR spectroscopic analysis is described. Diols were treated with 0.5 equivalents of 1,3-phenyldiboronic acid to afford mixtures of diastereomeric boronate esters whose homochiral:heterochiral ratios are an accurate reflection of the diol's enantiopurity.
of a chiral substrate react with 0.5 equivalents of an achiral bifunctional substrate. This affords a mixture of diastereomeric homochiral and heterochiral (meso) dimers, whose diastereomeric excess (de) is then determined by NMR spectroscopic analysis. As long as no kinetic resolution occurs in the derivatisation process, then the measured de can be used to calculate the enantiopurity of the parent diol.
ǂ A range of different achiral bifunctional templates have been developed that enable the ee of chiral alcohols, 4-8 thiols, [7] [8] [9] amines, 10,11 amino esters, 12 phosphiranes 12 and carboxylic acids [13] [14] [15] to be accurately determined. Further to these reports, we now report a new
Horeau based NMR protocol that employs an achiral bis-boronic acid template to determine the ee of chiral diols.
We have recently reported effective 3-component chiral derivatisation protocols to determine the ee of chiral diols, amines, amino alcohols, diamines and hydroxylamines. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] These approaches rely on the efficient formation of diastereomeric boronate esters from a 3-component reaction of a chiral analyte with 2-formyl-phenyl boronic acid templates and a chiral auxiliary. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Inspired by the efficiency of these complexation reactions, we were intrigued to determine whether an achiral bis-boronic acid could be used as an achiral template to develop a Horeau based dimerization protocol to determine the ee of chiral diols. In this approach, we envisaged that reaction of a chiral diol with 0.5 equivalents of a bis-boronic acid template would afford a mixture of homochiral and heterochiral bis-boronate esters whose diastereomeric ratio could then be determined by 1 H NMR spectroscopy. Provided no kinetic resolution occurs, then this diastereomeric ratio could then be used to determine the ee of the parent diol. that were assigned to the homochiral boronate ester complex ( Figure 1B ). Figure 2A ). We reasoned that the broadness of these singlets might be due to long range coupling with aryl protons and as a consequence it was decided to carry out a proton decoupled ( 1 H{ 1 H}) experiment in an attempt to eliminate these coupling effects. 27 It was found that selective irradiation of the aryl resonances centred at δ 8.05 ppm using a low power pulse during acquisition and Gaussian enhancement removed these long range couplings. This resulted in significant sharpening of the diastereomeric H A and H B proton singlets that enabled baseline resolution of these resonances to be achieved ( Figure 2B ). . In contrast to conventional 1 H NMR chiral derivatization protocols, the de's measured using a Horeau-type derivatization protocol do not relate directly to the ee's of the chiral analyte. Instead, the ee must be calculated using a curve (See SI, Graph 1) which takes into account the quadratic relationship that exists between the de of the homochiral/heterochiral complexes and the ee of the chiral analyte. Therefore, the de's of 88%, 61% and 32% measured for the integral ratios of the homochiral/heterochiral complexes, were shown to correlate to calculated values of 94%, 78% and 58% ee respectively. These measured ee values are in excellent agreement with the known enantiopurities of the starting diols of 95%, 80%, and 60% ee respectively, indicating that no kinetic resolution occurs during the diol derivatization process. These values are well within the It should be noted that whilst this Horeau derivatisation approach can be used to determine ee, it cannot be used to determine which enantiomer is present in excess within a scalemic sample.
However, this information is easily obtainable from comparison of the sign of the optical rotation of the scalemic diol with known literature values of its specific rotation.
Energy minimisation and equilibrium geometry calculations were carried out using a semi- these phenyl rings combine to result in a relative shift of the H B resonance to a lower δ value in the 1 H NMR spectrum. In contrast, the homochiral model has one of its aryl rings pointing away from the aryl H A proton and as a consequence the shielding it experiences is less than for the heterochiral system, potentially resulting in a higher chemical shift value for H A ( Figure 4B ).
Figure 4 -(A) Lowest energy conformation of the (meso)-heterochiral complex of diol 1c; (B) Lowest energy conformation of the (R,R)-homochiral complex of diol 1c.
In conclusion, a new Horeau protocol has been developed to determine the ee of chiral diols involving their reaction with 0.5 equivalents of an achiral bifunctional boronic acid template to afford a mixture of heterochiral and homochiral diastereomers whose ratio can be accurately determined by 1 H NMR spectroscopic analysis. This diastereomeric ratio may then be used to calculate the ee of the parent diol. The simplicity of this approach, and the inexpensive achiral bisboronic acid template employed, means it represents a versatile approach for determining the ee of chiral diols produced in asymmetric reactions.
EXPERIMENTAL SECTION
All racemic diols 1 were commercially available, except for 1d which was prepared using the Sharpless dihydroxylation protocol described below.
Synthesis of (rac)-1-phenylpropane-1,2-diol 1d. 28 
